In the majority of the methods for purifying and concentrating recombinant adenoviruses (rAds) the virus that is associated with the helper cells is harvested, while the virus that is present in the cell-culture medium is discarded. During routine propagation of adenovirus type-5 vectors at optimised conditions we noted that, on average, 47% of the total amount of virus is present in the culture medium. To recover and concentrate these rAds from the medium, we devised a method, which is based on ammonium sulphate ((NH 4 ) 2 SO 4 ) precipitation. At 40% (NH 4 ) 2 SO 4 saturation, 95 ± 6% of the Keywords: ammonium sulphate; gene therapy; purification; adenovirus About 30 years ago, Winters and Russell 1 described a method for purification of adenovirus that is still much used. It employs cesium chloride (CsCl) density-gradient ultracentrifugation of the cell-associated adenovirus particles. Although pure adenovirus batches with high titre can be obtained, the method is time-consuming and difficult to scale up. With the advent of gene therapy, procedures for large-scale production and purification of recombinant adenovirus have become necessary.
About 30 years ago, Winters and Russell 1 described a method for purification of adenovirus that is still much used. It employs cesium chloride (CsCl) density-gradient ultracentrifugation of the cell-associated adenovirus particles. Although pure adenovirus batches with high titre can be obtained, the method is time-consuming and difficult to scale up. With the advent of gene therapy, procedures for large-scale production and purification of recombinant adenovirus have become necessary. 2 Modifications of the original protocol which have led to reduction of the total preparation time make use of CsCl step gradients instead of buoyant-CsCl density gradients 3 or amended CsCl gradients for Sucrose gradients. 4, 5 In later studies, column chromatography on the basis of size exclusion, anion exchange, hydrophobic interaction or metal-chelating resins were employed. 6, 7 In view of the volume constraints of ultracentrifugation, purification protocols focused on the adenovirus associated with the host cells. However, a significant amount of virus is not associated with cells, but is found in the culture medium. Analyses at our Viral-Vector Facility at the LUMC revealed that significant amounts (25-80%) of adenovirus vectors are present in the cell-culture medium (Table 1) , even under optimum production conditions. Although the amount of virus in the medium varies, on average 47% (n = 19) of the virus is discarded if only the cell- associated fraction is isolated. This suggests that, in fact, a lucrative part of the overall yield is often wasted.
To concentrate the virus from the medium, it can be precipitated with polyethylene glycol 6000 (PEG-6000). 8, 9 In that case, however, the virus precipitate needs to be collected by centrifugation. Therefore, we sought a method that would allow the recovery of the virus from the medium by filtration, to circumvent the centrifugation of relatively large volumes of medium. In this report, we evaluated the use of ammonium sulphate ((NH 4 ) 2 SO 4 ) precipitation. 10, 11 In the first attempt, a range of 0-100% (NH 4 ) 2 SO 4 saturation, with increment steps of 10% was tested to precipitate Ad5CMVLuc, a recombinant adenovirus carrying the luciferase gene, from the culture medium. At concentrations of up to 30% saturation the virus remained in the medium, but at 40% saturation or higher the virus precipitated virtually completely (data not shown). To optimise the conditions, saturation values around the 40% point were tested. Culture medium was saturated over a 30-42% saturation range with 2% increments. The presence of intact Ad5CMVLuc in the various fractions was assessed via the expression level of the luciferase reporter gene (Figure 1 ). Adenovirus precipitation started at 36% (NH 4 ) 2 SO 4 saturation and was complete at 40% saturation, with a relative luciferase activity of 130%. Over this saturation range the luciferase activity obtained from the residual virus in the medium dropped to 11%. Remarkably, the apparent recovery is higher than the expected maximum and may be explained by purification of the virus stock. Similar observations have been Rabelink (unpublished) 80 1
All recombinant adenovirus (rAd) productions were performed as described previously. 13 In short, near-confluent 911 or PER.C6 monolayers 14, 15 in at least 10 600 ml culture flasks (Greiner, Nü rtingen, Germany) were infected with 5 plaque-forming units (p.f.u.) per cell of the indicated rAd. After 46-54 h the nearly completely detached cells were harvested, resuspended in 4 ml phosphatebuffered saline (PBS) + 2% horse serum (HS) and subjected to three cycles of freeze-thawing. The crude virus stock was pre-cleared by centrifugation, and the supernatant was further purified by two CsCl density gradients and dialysis. The titres of the resulting rAd stock and of the saved culture medium were determined in plaque assays.
14 Plaque assays performed on different days, revealed a coefficient of variation of 17 ± 7%. On the basis of these titres, we calculated the contribution of the medium to the corresponding overall virus yield for each harvest. a All rAds were based on the Ad5 dl309 backbone. 19 n, number of independent productions. reported during the isolation of adenovirus from cell lysates, 3 and the isolation of retrovirus from medium. 12 In these studies the increased activity was ascribed to the Gene Therapy removal of inhibitors of viral infection. However, the adenovirus batches which were precipitated at 40% (NH 4 ) 2 SO 4 saturation had an OD260/280 ratio of 0.6 (data not shown). In comparison with the ratio of 1.2-1.3 for pure adenovirus batches, 7 this indicates the presence of significant amounts of protein.
Figure 1 Luciferase activity as indicator for the amount of precipitated Ad5CMVLuc from culture-medium at a 30-42% (NH
To gain more insight into the purification capacity of this method, we determined the amounts of protein, which were precipitated from culture medium containing 10% FCS over a saturation range from 0 to 80% (NH 4 ) 2 SO 4 . As depicted in Figure 2 , at 40% saturation 15% of the available protein was precipitated. Essentially identical results were obtained with medium from virusinfected cells. Thus at these conditions, the majority of the proteins present in the medium is separated from the virus.
In the case of large-scale productions, involving several litres of virus-containing medium, the centrifugation step forms a limitation in the normal laboratory settings. Filtration can be a practical alternative for the isolation of the rAd precipitate from large medium volumes. Therefore, we compared the recovery of (NH 4 ) 2 SO 4 -and PEG-6000-precipitated adenovirus after isolation by centrifugation or filtration. Ad5CMVLacZ was precipitated with 40% (NH 4 ) 2 SO 4 saturation or 10% PEG-6000 and the resulting precipitate was cleared from the medium by centrifugation, by filtration over a 0.45 m membrane filter, or by filtration over a Whatman 3MM filter paper. As depicted in Figure 3a , the available virus could be precipitated virtually completely with (NH 4 ) 2 SO 4 . A recovery of 90% was obtained when the precipitate was sedimented by centrifugation. The recovery from the PEG-6000 precipitate by centrifugation was only slightly less (84% recovery). However, filtration revealed a more pronounced difference between the two precipitation methods. The PEG-6000 precipitate passed the filters almost unhampered: the residue comprised only 3-4% of the starting yield. However, the (NH 4 ) 2 SO 4 precipitate was retained on the filter with high efficiency. Although the yield from the residue was less than the yield obtained after centrifugation, the recovery was still 46% and 61% of the starting material, in case of the 3MM filter and the 0.45 m filter, respectively. The lower recovery from the medium by filtration in comparison with centrifugation, is not compensated by a rise of residual virus 
Virus was grown on PER.C6 cells and isolated and purified as outlined in Figure 4 . 121 g (NH 4 ) 2 SO 4 was dissolved in 500 ml harvested culture medium (A) to accomplish 40% saturation. The precipitate was recovered via filtration over a 0.45m membrane filter and was dissolved in 15 ml PBS (B). The harvested cells were disrupted and pelleted and the resulting supernatant was isolated as cell-associated virus fraction (C). Separate CsCl step gradients were performed for the cell-associated and medium fractions and virus bands of each fraction were collected. Half of the cell-associated fraction was then pooled with half of the medium fraction and, as such, subjected to buoyant-CsCl density gradient and dialysis (F). The other half of each fraction was further purified individually
in the filtrate. This would suggest that the loss cannot be attributed to an insufficient filter cut-off, but rather to sub-optimal virus recovery from the filter. HPLC analysis was used to determine the particle concentrations of the above-mentioned samples and the yields were compared with the total yield of virus particles (vp) from the cell lysate (Figure 3b) . The yield from cell lysate was about the same as the yield obtained from the medium after filtration with 0.45 m filter, 52% versus 48%. It should be noted, however, that only 61% of the virus was recovered from the medium. The yield after centrifugation was even twice the yield obtained from the cell lysate: for (NH 4 ) 2 SO 4 and PEG-6000 precipitation, respectively, 67% versus 33% and 68% versus 32%. In the studied isolations the vp to p.f.u. ratio was 6-17 to 1.
Depending on the rAd type and the exact production conditions, the amount of virus that is present in the culture medium may vary considerably. Even if production conditions are optimised, small differences in, for example, cell status or inoculum, may cause variations which can lead to the loss of a lucrative part of the virus yield, if the medium is discarded (Table 1 ). In the case of large-scale rAd productions (NH 4 ) 2 SO 4 precipitation followed by filtration over a 0.45 m membrane filter seems a fast and easy method to recover the virus from the medium, especially if the method can be combined with standard purification protocols. Therefore, we propose a rAd harvest protocol (Figure 4 ) in which the virus is isolated from the cells as well as from the culture medium. First, the harvest is divided into two fractions: a medium and a cell fraction. During the incubation period of the culture medium with (NH 4 ) 2 SO 4 , the cells can be disrupted and CsCl step gradients prepared. At least 2 h after the start of the incubation, the precipitate can be isolated by filtration and can be loaded on to a CsCl gradient, in parallel to the cell lysate. Hereafter, the second CsCl gradient and dialysis will finish the purification. To illustrate the feasibility of the proposed pro- 14 The several fractions are indicated by the characters A-F and correspond to the samples mentioned in Table 2 . RT, room temperature.
cedure, Ad5CMVLacZ was grown on PER.C6 cells and purified according to the suggested protocol. The yields obtained at several points along the purification are shown in Table 2 . As can be deduced from these data, the medium fraction (A) encompasses 30% of the crude virus yield (the total of fractions A and C). After precipitation, 67% could be recovered from the medium with a 33-fold volume reduction (B). To evaluate the indicated direct loading of the precipitate on the CsCl gradient, the purification of 50% of the recovered precipitate (B) was compared with 50% of the crude cell lysate (C). The recovery of virus was for the medium (D) at least twice as high (68%) as for the cell lysate (E) (30%). Consequently, the contribution of the medium fraction to the overall yield rose to 40%. The cumulative yield of the separately purified fractions (D and E) is similar to the yields of the combined purification of medium and cell lysate (F). Since the combined purification is equally as effective as the purification of the separate fractions, it is most convenient to combine the cell lysate and precipitate. Overall, these data nicely illustrate the applicability of the protocol depicted in Figure 4 . The dissolved precipitate can also be purified via AE-column chromatography without intervening purification steps. This was demonstrated by HPLC analysis of dialysed and non-dialysed precipitates, which revealed clear virus peaks without any disturbance as a consequence of the presence of (NH 4 ) 2 SO 4 (data not shown).
